Aims Sustainable agriculture requires the identification of new, environmentally responsible strategies of crop protection. Modelling of pathosystems can allow a better understanding of the major interactions inside these dynamic systems and may lead to innovative protection strategies. In particular, functional -structural plant models (FSPMs) have been identified as a means to optimize the use of architecture-related traits. A current limitation lies in the inherent complexity of this type of modelling, and thus the purpose of this paper is to provide a framework to both extend and simplify the modelling of pathosystems using FSPMs. † Methods Different entities and interactions occurring in pathosystems were formalized in a conceptual model. A framework based on these concepts was then implemented within the open-source OpenAlea modelling platform, using the platform's general strategy of modelling plant -environment interactions and extending it to handle plant interactions with pathogens. New developments include a generic data structure for representing lesions and dispersal units, and a series of generic protocols to communicate with objects representing the canopy and its microenvironment in the OpenAlea platform. Another development is the addition of a library of elementary models involved in pathosystem modelling. Several plant and physical models are already available in OpenAlea and can be combined in models of pathosystems using this framework approach. † Key Results Two contrasting pathosystems are implemented using the framework and illustrate its generic utility. Simulations demonstrate the framework's ability to simulate multiscaled interactions within pathosystems, and also show that models are modular components within the framework and can be extended. This is illustrated by testing the impact of canopy architectural traits on fungal dispersal. † Conclusions This study provides a framework for modelling a large number of pathosystems using FSPMs. This structure can accommodate both previously developed models for individual aspects of pathosystems and new ones. Complex models are deconstructed into separate 'knowledge sources' originating from different specialist areas of expertise and these can be shared and reassembled into multidisciplinary models. The framework thus provides a beneficial tool for a potential diverse and dynamic research community.
INTRODUCTION
With incentives for more sustainable practices in crop protection it is important to decrease the usage of pesticides (Aubertot et al., 2007) . This implies that, rather than eliminating pathogens, crop protection lowers damage of pathogen origin to an acceptable level, by combining reduced chemical control with resistant cultivars and environmentally responsible agronomic practices. In turn, a better understanding of pathosystems is required. We use pathosystem to mean a dynamic ensemble consisting of a host plant population, a parasite population and their biophysical environment. Pathosystems involve multiple levels of interactions that are the source of complex behaviours.
In this paper we focus on interactions between crop structure, fungal foliar pathogens and microclimate. The canopy is the substrate and support of pathogen reproduction and dispersal (Ando et al., 2005; Walters and Bingham, 2007) . The dynamic nature of the canopy structure and microclimate makes it difficult to analyse host-pathogen interactions in field experiments (Lovell et al., 1997) . A modelling tool coupling crop and pathogen development might help to disentangle and quantify the interactions between the canopy structure, its pathogens and the environment (Prusinkiewicz, 2004; Lucas et al., 2011) . It could contribute to promote agricultural strategies of disease control through canopy properties (Baccar et al., 2011; Gigot et al., 2013) .
Different models simulating epidemics and accounting for characteristics of the canopy have been developed. Some of these express the influence of major canopy features on disease dynamics (Burie et al., 2011; Caubel et al., 2012) . These models use a limited set of parameters. The environment is averaged at coarse scale and interactions between plant and pathogens are not localized in the canopy (Madden et al., 2007) . In the model of Casadebaig et al. (2012) , disease dispersal is influenced by plant architecture. The latter is simulated through integrative variables, which approximate the geometry of the canopy. Graph networks define the adjacency of plants. Yet the local organ environment is not taken into account for pathogen development. Room et al. (1996) and Wilson and Chakraborty (1998) have proposed to use functional structural plant models (FSPMs) to simulate interactions between plant structure and epidemics. FSPMs simulate dynamically three-dimensional (3-D) plant architectures. Organ emergence, growth and death are described, associated with their precise localization. These features can be used to characterize the interactions between pathogens and the tissues they colonize, as well as spore dispersal from a localized inoculum source to other localized healthy plant tissues. The co-localization of variables of interest allows characterization of the plant -pathogen -climate interactions from the local scale (cm 2 ), where processes such as infection and tissue colonization are described, to the canopy scale, typically a few square metres for local dispersal.
With this in mind, some coupled FSPM -epidemic models have been developed with the main objective of better understanding dynamic interactions between the pathogens, their host and the environment (Calonnec et al., 2008; Robert et al., 2008; Pangga et al., 2011) . These models include the effects of leaf age and size on the fungal infection cycle (Calonnec et al., 2008; Robert et al., 2008) . They estimate the microclimate environment (Saudreau et al., 2007) . Spore dispersal is simulated accounting for the distance and obstacles between healthy and sporulating leaves (Calonnec et al., 2008; Robert et al., 2008) . For grape powdery mildew, simulations have revealed that differences in the positions of leaves in the canopy and in leaf susceptibility strongly influence the epidemic (Calonnec et al., 2008) . The traits of wheat architecture influencing Mycosphaerella graminicola (anamorph: Septoria tritici) epidemics have been ranked (Robert et al., 2008) . These models were also used to evaluate wheat ideotypes (Fournier et al., 2013) and to better understand the role of canopy architecture on the effect of sowing density on epidemics (Baccar et al., 2011) . These modelling case studies have highlighted the potential role of FSPMs to study the effects of plant architecture dynamics on foliar pathogen epidemics.
However, only a small number of FSPM -fungus coupled models have been developed. One explanation for this lies in the high cost of building the conceptual framework and in their implementation as several sub-models (3-D plant model, an infection cycle model, a dispersal model and several physical models of microclimate). Each modelling solution available has proposed a particular implementation specific to one pathosystem. As suggested by Mammeri et al. (2010) , a more generic solution could arise by considering the pathosystem model as a collection of interoperable software components (Pradal et al., 2008) . We propose that the key processes of a wide range of foliar fungal pathosystems can be captured by a generic modelling framework, which would allow integration of the specificities of a given plant -pathogen couple with relatively little effort.
This framework will include models of plant growth and structure, but also development of the parasite population, which has a different biological form and life cycle, yet interacts with the plant. The challenges are to model two structurally different systems maturing in parallel and interacting on multiple spatial and temporal scales, and to define generalized communication rules between plant and parasite. The framework should (1) propose interfaces of communication between separated FSPMs, bio-physical models and fungal models, and (2) depict how to construct foliar fungal models to integrate them in pathosystem models with FSPMs and bio-physical models.
Multiscale modelling of these systems is at the crossroads of several scientific disciplines: plant pathology, ecophysiology, mathematics, physics and computer science. This requires combining different models and knowledge produced in these disciplines. Cieslak et al. (2011) have addressed this issue for plants, coupling structural models with functional models. Their solution, however, applies only to the restricted framework of L-systems (Cieslak et al., 2011) . The platform OpenAlea provides an alternative solution, allowing the integration of models written in different computational languages (C, C++, Fortran, R, Python) in the form of distributable and interoperable software components (Pradal et al., 2008) . All plant models (Fournier et al., 2003; Louarn et al., 2008) and physical models (Sinoquet et al., 2001; Robert et al., 2008) used in this study were already developed and integrated in the platform. This paper is organized as follows. First, we present the pathosystem and the main interactions addressed in the framework. Second, we present the model with the conceptual choices and the key features of implementation. Third, we expose how two different models of pathosystems were implemented in the framework and we demonstrate the ability of the framework to test the impact of canopy architectural traits on fungal dispersal.
THE FOLIAR FUNGAL PATHOSYSTEM
The pathosystem comprises three entities: the canopy, the fungal population and the environment. General features of the two biological entities are described below. They have been used to build our modelling abstractions. The fungus and the canopy have direct interactions and they also interact with the environment, which therefore constitutes a medium of indirect interactions. These interactions form the core of our modelling framework.
The canopy
The canopy is composed of individual plants. Each plant can further be viewed as a colony of interconnected organs (White, 1979; Fournier and Andrieu, 1998; Vos et al., 2010) . The geometry and the position of each organ in 3-D space determines its local interface with the environment (Chelle, 2005) , and with the spores of the pathogens. The physiological tissue properties determine the constraints for fungal growth after infection.
Canopies are dynamic objects with dynamic structures (Giavitto et al., 2004) . Plant functioning results in continuous changes of the internal state of plant organs, in terms of composition (e.g. water, nutrient), fluxes (e.g. transpiration, carbon, hormones) and enzymatic activity (e.g. photosynthesis).
Structural and geometric changes occur in a more discrete manner over time, with periods of growth or senescence alternating with periods of structural stability (Barthélémy and Caraglio, 2007) . Structural changes consist of the production of new phytomers and branches, their extension and their eventual death (Carbonneau et al., 2003) . The dynamics of phytomer production and extension depends on temperature of meristematic regions (Parent et al., 2010) , other environmental signals ( photoperiod, light quality) and the internal state of the plant (e.g. amino acids and sugar). Organ death is also regulated by the environment and plant internal state. Because of the sensitivity of plant morphogenesis to environmental factors, plant morphology exhibits a high level of plasticity depending on growth conditions (Mech and Prusinkiewicz, 1996; Moulia et al., 1999; Barthélémy and Caraglio, 2007; Baccar et al., 2011) .
Finally, plant and canopy geometry can undergo reversible changes at smaller time scales, in response to alternating environmental conditions (e.g. tropism, leaf rolling).
The fungal population
The fungal population is composed of individual spores and lesions, taking different forms, with colonizing or reproductive behaviours. The infection cycle is common to most foliar fungal species and is well documented in the literature (Rapilly, 1991; van Maanen and Xu, 2003; Caubel et al., 2012) . Two biological forms of the fungus are identified: (1) lesions, which display as symptoms on leaves and sporulate to produce new dispersal units; and (2) the dispersal units, which are dispersed at the canopy level and infect the leaves. One dispersal unit represents either one spore (e.g. Puccinia triticina spores individually dispersed by wind; Eversmeyer and Kramer, 2000) or one aggregate of spores (e.g. Septoria tritici spores grouped in infectious droplets of rain; Gigot et al., 2013) . One dispersal unit produces one single lesion after infection if specific environmental conditions are met.
During an infection cycle spores germinate and the fungus penetrates the leaf, thus forming a lesion that will sporulate and emit a new generation of dispersal units (Rapilly, 1991) . After penetration, the fungus first undergoes a phase of latency characterized by continuous growth and tissue colonization, during which symptoms may appear but no spore is produced. After this latency period, the sporulation period, is the reproductive phase of the cycle, which is generally paced by discrete dispersal events occurring with rain or wind (van Maanen and Xu, 2003 ). An infection cycle usually lasts a few weeks, and numerous fungal generations can occur during a crop growing season (Bolton et al., 2008) .
The growth of fungi is driven by local temperature. Septoria tritici achieves fastest infectious cycles around 18 8C, and does not grow at temperatures too low or too high (Bernard et al., 2013) . Likewise, many pathogens can only infect the host leaves in the presence of free water [e.g. Plasmopara viticola on grapevine (Magarey et al., 2006) ; Stemphylium botryosum on lentil (Mwakutuya and Banniza, 2010) ]. Other climatic variables have been shown to modify the fungal response, such as relative humidity [e.g. Venturia inaequalis on apple trees (Gadoury et al., 1998)] or radiation [e.g. Uncinula necator on grapevine (Austin and Wilcox, 2012) ].
Effects of the canopy on foliar pathogens
In pathosystems, plants are the substrate for the fungus, and the canopy is the medium where its dispersal occurs. The hostparasite relationship is compatible when susceptible plant tissues are in the fungus' range of targets during periods of infection.
Plant characteristics have been shown to influence epidemic development in different ways:
(1) The size and physiological status of the plant tissue determine the resource availability for colonization and multiplication of the pathogens. The availability of tissues is a limiting factor to fungal colonization (Robert et al., 2004) . Fungal compatibility with leaf substrate depends on their trophic behaviour of the fungus. For example, the biotrophic powdery mildew (Uncinula necator) is stopped by senescence due to a depletion of available nutrients (Galet, 1977) . By contrast, Mycosphaerella graminicola is hemibiotrophic: penetration into the leaf and primary mycelium development occurs in living leaf tissues, followed by the appearance and growth of chlorotic symptoms, which develop into necrotic sporulating lesions (Robert et al., 2008) . A further example is the strong influence of leaf physiological state (nitrogen status in Robert et al., 2004) on the production of spores of Puccinia triticina. (2) Resistance mechanisms also stand out at the tissue scale.
They may involve those relying on chemical and enzymatic reactions or are based on physical properties of the leaf surface. For example, grapevine leaves become less susceptible to infection by powdery mildew with ageing as the cuticle strengthens (Calonnec et al., 2008) . (3) Canopy architecture influences the microclimate in which pathogens develop. The climate within a canopy is heterogeneous (Chelle, 2005) . Light, rain and wind penetration are a function of leaf area distribution and canopy height (Jones, 1992; Varlet-Grancher et al., 1993) . Humidity of the air within the canopy depends on light and wind penetration and on plant transpiration (Tuzet et al., 2003) , and leaf wetness depends on all these factors. Microclimatic factors on or around the leaves modify the response of parasites (Lovell et al., 2004; Bernard et al., 2013) . In the sclerotinia-carrot pathosystem, lateral trimming after canopy closure has been shown to favour dryer micro-conditions, therefore reducing significantly disease pressure until harvest (McDonald et al., 2013) . (4) The spatial density of plant organs influences spore dispersal from infected organs to healthy organs (Calonnec et al., 2012) . This was highlighted in septoria leaf blotch, upward dispersal of which is driven by rain splash, and is thus sensitive to rain penetration. Eyal (1971) noted that the introduction of dwarf varieties of wheat correlated with a sharp increase in the incidence of septoria leaf blotch. Then, Bahat (1980) and Lovell et al. (1997 Lovell et al. ( , 2004 showed that spread of the parasite to the top is faster if successive leaves are closer. Lovell et al. (1997) suggested a hypothesis linked to the stem extension speed. (5) Dates of emergence and death of the plant organs determine the temporal synchronism between pathogen development and the organs that they colonize. A pathosystem is a dynamic system: its state at a given time results from the historical evolution of its interacting elements. However, plant functioning, canopy growth, microclimate dynamics and pathogens do not evolve at the same rhythms. This is an important determinant of compatibility. Compatibility is only ensured if synchronism occurs between the period of sensitivity of the plant and the period of pathogenicity of the fungus. For instance, the period of flowering transition is favourable to many pathogens (Costes et al., 2013) , such as Sclerotinia sclerotiorum on oilseed rape. This fungus primarily infects the flowers. In a second step, infectious petals become a vector of disease transmission when falling on the leaves (Young et al., 2007) .
FRAMEWORK OVERVIEW
Formalization of the framework: concepts Scope of the modelling framework. Our framework targets models of a pathosystem that comprises the functional-structural crop, the fungal population and the physical environment. The multiscaled canopy is simulated with an FSPM. The latter can describe both the geometric development of the canopy and plant functioning at the level of individual organs (Parent et al., 2010; Vos et al., 2010) . FSPM can be tightly connected to physical models computing the micro-environment below the organ scale (Saudreau et al., 2007 . Various models of microclimate at the leaf scale have been developed using FSPM (Chelle, 2005) : models for radiation and temperature (Dauzat et al., 2001; Sinoquet et al., 2001; Chelle and Gutschick, 2010; Ngao et al., 2013) , models for rain interception (Bassette and Bussière, 2005) , models of wind distribution in canopies (Tuzet and Wilson, 2002) and models of leaf wetness (Leca and Saudreau, 2010) . Explicit description of plant architecture in FSPM provides a fungus model with variables such as the size and age of individual organs (affecting the pathogen cycle) and the local light, temperature and humidity (impacting fungus development). With FSPMs, the plant -pathogen -climate interactions are expressed from the local scale (cm 2 ), where processes are described, to the square-metre canopy scale. Relationships occurring above (e.g. landscape) or below (e.g. cells) these scales are not considered.
In this study we did not implement new models of microclimate, nor did we specify how plant models should respond to climate or microclimate models. Our focus is on the model for the fungal population and its integration in the pathosystem model. The following section details (1) concepts for coupling a model of foliar fungus with other models in a functional -structural pathosystem: temporal orchestration and interfaces of interaction between models; and (2) abstract processes that comprise a model of foliar fungus in our framework.
Management of temporal scales. A first key issue for coupling two complex biological systems is to provide flexibility for managing different temporal scales. Modellers usually choose a larger time step for the plant (several degree-days or a few days) than for the fungus (1 h to 1 d) because of different length of life cycles. Moreover, plants and pathogens may not age under the influence of the same factors. For example, the continuous development of the plant may be paced by a sum of favourable temperatures, the growth of a fungus by a hydro-thermic time. In contrast, dispersal is computed only on discrete rainy or windy events. To manage this, the pathosystem is modelled as a discrete event system. The modeller defines the temporal scale for each process prior to the simulation and delegates to a scheduler the tasks of orchestrating the synchronization between processes.
Spatial scales of interaction in the framework. For the interface of fine interactions between the fungus and the plant, we introduce the notion of a 'phyto-element'. We define a phyto-element as the smallest unit of leaf tissue explicitly modelled in the plant data structure at which local information, such as microclimatic variables, is aggregated. This definition is technically compatible with all arbitrary partitioning of plants into elements. However, for foliar pathogens, we would not recommend choosing phytoelements larger than leaves, as this would result in loss of precision in model simulations. The location, geometry and topological relationship of the phyto-element to the rest of the canopy are managed by the plant model. The plant model also provides access to variables of interest above the scale of phyto-elements if needed (e.g. the total space available on a leaf divided into several phyto-elements, progress of senescence at the scale of the organ).
At the phyto-element, the fungus model can have access to quantitative and qualitative information about the plant tissues, and to micro-climatic variables such as temperature, rain or moisture ( Fig. 1 ). In turn, the fungus colonizes space, consumes resources (N, C), possibly produces effectors and returns this information to the plant model. Although multiple forms of feedback from the disease to the plant were integrated from a conceptual perspective in the modelling framework (e.g. alteration of photosynthesis, competition for nutrients, response to effectors), the actual implementation was still limited to the following: colonizing lesions reduce plant photosynthetic area, which in turn influences the success of further infection and lesion growth.
The fungal population is simulated as a system of separate individuals (i.e. lesions and dispersal units) to possibly model intrinsic variability within a population. However, a phyto-element can carry several individuals that receive the same information and are together responsible for the emergence of symptoms at this scale. Each individual operates as an automaton passing through the epidemic cycle in a stepwise sequence according to local conditions. The epidemic cycle described in the previous section can be refined to be more specific for a particular disease.
A different kind of interaction occurs during the physical transport of dispersal units, where models operate on the geometry of the canopy at a large scale, and during which dispersal units are considered as atomic entities. In the range of spatial scales managed by our framework, we address short-and medium-range dispersal.
Description of the fungus model (Fig. 2) Lesion. Each lesion is viewed as an automaton undergoing several developmental stages until sporulation ( Fig. 2-1 ). For the transition between stages, we introduce the concept of physiological age of the lesion. The response to external factors (e.g. climate, availability of nutrients) is modelled with a particular rate of physiological ageing.
To handle more complex interactions with the plant such as the competition for shared resources, the lesion automaton can optionally process its update in two steps. In a first step, a cost of growth (which can be of different nature) is estimated for further processing by an external model, such as a nutrient-sharing model. Actual growth of the lesion is evaluated in a second step according to the response of the resource-sharing model ( Fig. 2-2) .
Moreover, lesions may optionally handle models for managing lethal response and evaluating internal damage (e.g. response to senescence) ( Fig. 2-3) .
A lesion internally manages its positioning on the leaf and an individual set of parameters that determine its behaviour (e.g. growth rate, thresholds for changes of developmental stages, shape parameters for response functions to microclimate). It communicates to the plant or to external models its damage on the leaf (surfaces and type of symptoms), its physiological age, its developmental stage and the stock of spores it produces.
Interactions between lesions. Lesions can interact with each other during development (competition for space, collective contribution to symptoms). These processes are not managed by individual lesions, but by (optional) external models.
Such models operate at the spatial scale of the phyto-element, in a similar way as models handling shared resources between the plant and the pathogen ( Fig. 2-4 ). As input, they read all the growth demands of the lesions in place. As output, they redistribute a growth offer to each lesion relative to its growth demand, the area available on the phyto-element and, possibly, rules of priority between lesions of different ages.
When senescence is accounted for, external models indicate which lesions are senescent ( Fig. 2-5 ). In such a case, the response method of the lesion is engaged. Dispersal. Dispersal events occur in two phases: the emission separates the inoculum from the source phyto-element and the transport then distributes the inoculum on target phyto-elements. For emission, physical models separate spores from the lesions under the action of rain or wind, and distribute them in dispersal units for transport (Fig. 2-6 ). Models for rain-driven emission will aggregate several spores in infectious rain droplets. Models for wind-driven emission will generally consider a spore as a single dispersal unit. Dispersal units emitted by the same phyto-element are considered as a unique source, without tracking provenance from individual lesions. Transport is also calculated by physical models and depends on canopy architecture.
Dispersal unit. At the leaf scale, the main function of a dispersal unit is to achieve infection (Fig. 2-7) . After infection, one dispersal unit creates one lesion and disappears.
A dispersal unit is an object with the following unique attributes: its position on the leaf, the number of spores it carries, a set of parameters that are the same for all dispersal units of the same species (growth rate, thresholds for changes of developmental stages, shape parameters for response functions to microclimate, etc.), and parameters of its internal progression towards infection.
External models operating on dispersal units. Dispersal units that have not achieved infection can be manipulated by external models. For example, during rain, dispersal units can be washed off the leaves (Fig. 2-8) .
Other external models that have information on the status of the phyto-element determine if particular dispersal units can infect the tissues beneath them (Fig. 2-9 ). This type of model can be made in a probabilistic way relative to free space available or according to the position of dispersal units if senescence is localized.
Architecture of the framework and methodology
Principle. The framework is hosted on the OpenAlea platform (Pradal et al., 2008) . This platform already provides a number of functionalities that match the concepts presented above.
First, the OpenAlea platform operates with a componentbased software strategy that facilitates the integration of heterogeneous models into comprehensive assemblies (Pradal et al., 2008) . This strategy is centred on the high-level Python language and on scientific workflows. The object-orientated and interpretive Python language has powerful gluing capabilities to integrate existing computational methods written in various languages (Fortran, C, C++) as software components (Pérez et al., 2011) rather than stand-alone programs.
Scientific workflows promote deconstruction of complex models into independent submodels or components that can be recombined dynamically (Gil et al., 2007) . These ideas have been extended and specialized to the simulation of plants interacting with their environment to build coherent and modular FSPMs using a collection of models performing elementary tasks (Fournier et al., 2010) .
The OpenAlea platform is freely distributed, with different research groups participating and thus enriching the collection of components, and hence promoting the reuse of various knowledge sources. Some components estimate the structural development of the plant (Boudon et al., 2012) , whereas other submodels of microclimate calculate leaf temperature or radiation (Chelle and Andrieu, 1998; Sinoquet et al., 2001) .
The platform proposes a generic and indirect mode of communication between components. Communication is achieved solely through a generic and multiscale data-structure, the multiscale tree graph (MTG: Godin and Caraglio, 1998) . This indirect communication ensures the modular design of the software architecture because one component can replace another one if it generates the same output (e.g. temperature computation on leaves). The MTG represents both the topological functional network of organs and the geometrical arrangement of organs in the same structure.
Furthermore, control of the simulation is delegated to the scientific workflow. This can be used to combine different submodels running at different time steps and investigate different scheduling strategies without changing the submodels themselves.
Finally, in the visual programming environment VisuAlea, the modeller can inspect the structure of the model, run it and explore its outputs in a graphical environment.
Overall, the platform OpenAlea provides a standardized way to build models representing multiple processes. Models may operate at different time steps during a simulation and on different parts of a well-designed shared object representing the canopy (MTG). The platform also offers a collection of plant and physical models that are readily usable to model pathosystems.
Extension to modelling of pathosystems. General OpenAlea methods were extended to the modelling of pathosystems. First, the framework requires canopy models to be wrapped as OpenAlea components compatible with the MTG structure, i.e. it must be able to take one MTG as input and provide one as output. Note that MTGs have various constructors allowing the plant objects to be parameterized as tables of data or as L-system axial trees.
The MTG ensures modular communication between models with various time steps and at different spatial scales (Fig. 3) . This central data structure is available at any time for all models. Each model reads and updates information on specific regions of the data structure at its own pace.
The phyto-element should be chosen among MTG entities. As presented in the conceptual model, this entity should have a geometric representation, to be compatible with environmental models, and should be properly connected to plant topology to be compatible with functional models. Basic fungal models may require calculations of leaf surface or senescence.
In a general perspective, every model in charge of a physical or biological process in the pathosystem must fulfil the two conditions mentioned above: availability on OpenAlea and compatibility with MTGs. Note that various models for microclimate, dispersal and plant functioning are available on the OpenAlea platform and accessible by browsing.
For modelling foliar funguses, we provide generic data structures representing the lesions and the dispersal units, and define generic protocols that manage the communication with the MTG. The fungal data structures are designed with an objectorientated approach. Abstract virtual classes with generic interfaces indicate how to model a lesion and a dispersal unit. The modeller encodes methods to calculate processes identified in the conceptual model (e.g. individual growth, ageing and production of spores for the lesions, infection for the dispersal unit). Abstract interfaces leave great latitude to specialize algorithms representing a specific disease within the classes. For example, infection by the dispersal unit can depend only on temperature or be more complex if leaf wetness is involved. Besides, new models can be largely inspired by existing ones because several fungi can share common behaviours.
For the processes that were identified as external models (e.g. dispersal, washing), generic application programming interfaces (APIs) were defined to specify how models should interact with each other and with components of the pathosystem, and a first collection of models is proposed. They can be transposed to different funguses because they are simple enough and no knowledge on the internal functioning of fungal individuals is needed. By contrast, new models can also be very specific to a given species and may require new code to be written.
The protocols of communication between fungus and MTG cover all the interactions identified in the conceptual model (e.g. development of lesions in a population, infection, emission of spores, competition between lesions, transport, response to senescence). These protocols manage the low-level operation with the MTG (reading, writing and traversal), especially the interaction with phyto-elements. The user of the framework can thus concentrate on the actual modelling of processes.
Template dataflow. Tools are provided in OpenAlea to orchestrate calls to asynchronous models. This is illustrated in Fig. 4 with a template dataflow simulating the attack of a fungal disease on an FSPM. The simulation loop is driven by a sequence of discrete events that can be repeated until the end of the simulation. For each step of the simulation, the dataflow is completely evaluated. At initiation, an axiom MTG is generated and inoculated with dispersal units. An axiom MTG is the given plant architecture representation before the first step of the simulation.
In this example, functional nodes in the simulation loop represent models for the 'plant_simulator', the 'microclimate', the 'pathogen_simulator', the 'dispersal' and the 'outputs_display'. The order of the nodes is fixed explicitly before the simulation.
The plant structure enters the simulation loop and will circulate through the links between the nodes for each step of the simulation. Therefore, the MTG is updated with a set of expected properties from one node to another. The functional nodes may have several implementations as long as they read and write the same information on the MTG.
Using the information returned by scheduling nodes (blue box), the dataflow orchestrates the calls of functional nodes at variable frequencies. In this particular example, the plant simulator is called every 208d (Fig. 4-1) . Microclimatic variables are updated with an hourly time step, and so is the pathogen simulator ( Fig. 4-2 ). Physical models of dispersal are called only when needed on rain occurrences (Fig. 4-3) . Finally, the loop breaks when the first functional node stops.
RESULTS

Integration of two different models of pathosystems
Two existing plant -pathogen models were adapted to our framework: the model Septo3-D of septoria leaf blotch of Robert et al. (2008) , and the model VignOid of grapevine powdery mildew of Calonnec et al. (2008) . Both simulate polycyclic foliar funguses on FSPMs and fall within the scope of our study. Both models simulate the invasion of leaves by the fungus. Epidemic cycles have a stepwise structure comprising infection, latency, sporulation and dispersal. The advancement of these stages is calculated deterministically by accumulation of favourable conditions. In addition, in both models, disease dissemination is modulated by canopy architecture. Both plant models use a daily time step, and both fungal models use an hourly time step. Nevertheless, these pathosystems are different in many regards. Their specificities are discussed here (Table 1) . The challenge was to fit these specificities in our generic approach. More than demonstrating a practical application of our framework, focusing on these contrasted pathosystems proves its adaptability.
The equations of the original authors are not changed to any great degree.
Model of septoria leaf blotch
Specificities in wheat -septoria leaf blotch interactions. Wheat is annual and monocotyledonous. Senescence will occur before harvest and it displays heterogeneous tissues within the same leaf starting from the top. Mycosphaerella graminicola is hemibiotrophic, so senescence patterns on leaves are expected to influence epidemics. To simulate this, the plant model must simulate intra-leaf heterogeneities. Each lesion of septoria leaf blotch displays an age-related structure, i.e. the fungal tissues in the centre of the lesion are visibly older and in a more advanced stage than the tissues on the periphery (Fig. 5) .
Finally, Septoria tritici is dispersed upward by rainsplash. Its spread is determined strongly by the vertical distances between leaves and by the dynamics of growth of the canopy.
Wheat model. The wheat canopy is simulated with a dynamic architectural model based on the model ADEL (Fournier et al., 2003; Evers et al., 2005) , which simulates in three dimensions the dynamics of appearance and growth of all vegetative organs of the wheat canopy. In this model plant development is only a function of the temperature of meristems, approximated here by air temperature above the canopy. One phyto-element is a segment of a leaf, typically 2 -3 cm long. Leaf senescence is simulated continuously on the entire leaf. We simplify the physiology of tissues during senescence with binary information: 'green' or 'dead'. However, this notion could be refined with gradients of nitrogen for example.
Lesion. Equation (1) links the growth demand of a lesion DS lesion (in cm 2 ) to the advancement of its age DA lesion in degree-days. Degree-days are calculated with leaf temperature approximated from temperature above the canopy. For now the growth rate r is the same for all lesions (Table 2) . It was kept the same as in the previous model. Further developments will test variability in growth rates in the population.
To simulate the age-related structure (Fig. 5) , surfaces of the lesion are sorted in different stages (Fig. 6) . Surfaces in each stage are distributed in classes of different physiological age. Here the width of classes in degree-days is set to W class to have a smooth enough representation (Table 2 ). Surfaces pass from one class to the other with ageing as a function of the delta in local thermal time DD day (eqn 2). The surface DS class passing from one class to another is:
The developmental steps were refined as shown on Fig. 6 . A short necrotrophic stage was added to delay sporulation. The transitions are still deterministic and the thresholds were adapted from the previous model to the new cycle ( Table 2 ).
The first growth ring is the only one undergoing the very first stage of latency. It has been managed separately from the others as an independent object attached to the lesion. Its functioning is close to a lesion of powdery mildew, as detailed in the following section.
Finally, the number of spores produced in a time step is a function of the surface that enters in sporulation, S sporulating (t). The production rate p was adapted so the stock would be emptied in three dispersal events as in Septo3-D. The stock of spores Q(t) is directly available for dispersal. With Q(0) null before any surface enters sporulation, the accumulation of spores in the stock is calculated as follows:
A senescence response has been integrated in the lesion. If senescence occurs during the lifetime of a lesion, it kills all the surfaces under the necrotrophic stage. Practically, it empties classes with surfaces under necrosis. The other surfaces of the lesion remain unaffected.
External models for the lesion. In this first integration of the model of septoria leaf blotch, the simplest strategy of competition for space was used. The green area available on the leaf is homogeneously distributed between lesions, regardless of their developmental stage or position. However, our framework can be extended to manage rules of priority as in the previous model. Concerning the senescence model, lesions are positioned by their centre on the axis of the leaf, and so does the senescence. (Table 2 ).
External models for the dispersal unit. Dispersal units are positioned on the leaf axis. Infection can only occur on green healthy tissues. The infection model compares their position to senescence progress. If they are not on senesced tissues, the infection model compares the surface of lesions not yet reached by senescence and the surface of non-senescent tissues to eliminate dispersal units in a probabilistic approach. Furthermore, if another rainy event occurs, the probability of the dispersal unit being washed off the leaf is calculated with a physical model adapted from Rapilly and Jolivet (1976) .
Dispersal. The model of dispersal of Septo3-D was simply encapsulated in the new framework, so the computation stays the same.
The number of infectious droplets emitted is computed in layers in one dimension. It depends on rain intensity reaching these layers and on the sporulating area in these layers. The choice of layer height was reasoned by Robert et al. (2008) to be 1 cm, i.e. approximately five times shorter than the size of a phyto-element.
Transport is also calculated in one dimension. Dispersal units travel a limited distance upward, in the hemisphere perpendicular to the surface source leaf. The density of emitted droplets decreases exponentially with distance. They then fall vertically with gravity. During both movements, droplets are intercepted or not by the vegetation in layers.
Illustration with simulation outputs. The Figure 7 follows the fate of dispersal units on the top leaf of a wheat plant during one simulation. After deposit on this leaf, several dispersal units might be washed off and the remaining units can only infect healthy tissues. Despite the large number of deposits, only a few will actually achieve infection. Figure 8 shows a 3-D visualization of the epidemics. Severity is calculated on each leaf, and is the ratio between the disease surface and leaf surface.
Model of grapevine powdery mildew
Specificities in grapevine-powdery mildew interactions. Grapevine is perennial and dicotyledonous. Senescence will not occur before harvest, and hence it will not be taken into account in this case. The ageing of one leaf is homogeneous on its entire surface. In this case, no infra-leaf variability will be simulated on grapevine tissues. Powdery mildew is strictly biotrophic and it is influenced by the age of leaves. No age-related structure on lesions has been pointed out for this fungus. All tissues of the same lesion are the same age. Powdery mildew is dispersed by wind. It is influenced by the density and the vigour of the canopy.
Grapevine. The architecture of the grapevine stock is captured in a dynamic 3-D Lsystem based on TopVine (Louarn et al., 2008) . L-Py, an LSystem plant simulation program, is used to simulate grapevine growth (Boudon et al., 2012) . The output of each simulation step is an MTG. Phyto-elements are entire leaves with attached properties such as surface, age, position and geometry.
Lesion. Laws for growth, ageing and sporulation were kept as in VignOid. Growth, however, was encoded in the new system of growth demand and growth offer. At each time step, growth demand is obtained after a diameter increase demand DD lesion . It is calculated as in Calonnec et al. (2008) , with K max the maximum colony diameter, r the growth rate, t* the time to K max /2, and F(T n ) the temperature factor.
with F(T n ) a function of a normalized temperature T n :
where T(t) is the temperature at time t and T min and T max are cardinal temperatures, with m and n shape parameters of the curve. The parameters given in the previous model were used.
The value of K max is a function of leaf age (in days), where A, B and c are scaling parameters, and age leaf is measured in days:
The transitions between developmental stages depend on the cumulative temperature. All the surface of a lesion is the same stage (Figs 9 and 10) . With r min the minimum time before the appearance of first spores, the latent period is completed when:
The quantity of spores produced hourly by a lesion is a function of its surface S lesion , where b and d are scaling parameters:
The progress in the period of sporulation is calculated as for the progress in latency period but with different parameters.
Dispersal. The fraction of spores released (Q r ) was described by Willocquet et al. (1998) and depends on the wind speed on the phyto-element u (in m s -1 ) approximated from wind data above the canopy:
where t is the relative increase of dispersed spores per unit of wind speed increase, relative to the fraction of spores available for dispersal, and a and b are parameters. In this model, a single spore counts as a dispersal unit. The dispersal units are distributed on target leaves in a 3-D cone of dispersal in the direction of the wind. The chances of a dispersal unit reaching a leaf decrease exponentially as the distance d (in cm) from the source increases (c id is the decay rate with distance), and also as the angle u (in degrees) of the source -target leaf trajectory increases with respect to the wind direction. However, the fraction of spores reaching a leaf, Q leaf , increases with target leaf surface S leaf (in cm 2 ): Dispersal unit. The calculation of infection of the previous model was adapted to an hourly time step. Each dispersal units accumulates a physiological age in degree-days. According to the literature, the assumption was made that a certain age A threshold was required to perform infection (Table 3) .
After this time, the success of infection I is a function of temperature T (in 8C) and leaf age age leaf as in the previous model:
where F(T n ) is the function of normalized temperature, I 0 is the maximum infection rate at optimum temperature and t is the decay rate of leaf susceptibility.
External infectious and growth models. The infection and growth models are the same as in the model of septoria leaf blotch.
Illustration with simulation outputs. Figure 11 shows the coverage of a single grapevine leaf by the disease during an example simulation. At the beginning, several lesions appear in a latent state. The lesions then sporulate progressively. After several dispersal events and if their sporulating period is over, the lesions are empty. Figure 12 shows a visualization of the epidemics in three dimensions. In this case the severity is also calculated on each leaf.
Modularity of the framework: comparison of two models of dispersal in three dimensions
The modularity of the framework was tested in the following application. Two varied models of dispersal are exchanged: we simulate the distribution of the dispersal units on different leaves of the canopy for two architectures when the dispersal is caused by rain-splash or by wind Materials and methods. Two canopies of wheat are generated at 15008d with ADEL wheat. Density is set to 250 plants m -2 and we simulate a plot of 1 × 1 m. The two canopies are generated with mock-ups of wheat from two varieties ('Cap Horn' and 'Soissons') that differ in leaf area index (LAI) and height (Fig. 13) .
Two models of dispersal are compared for one dispersal event from a single source: dispersal by rain and dispersal by wind. The source leaf, in the centre of the canopy, bears one lesion emitting 10 4 dispersal units only once. The model of dispersal by wind operates as in the powdery mildew model. The model of dispersal by rain used for Septoria tritici has been transformed for a use in three rather than one dimension. The principle and the parameters are the same but phyto-elements are treated individually in the hemisphere perpendicular to the surface of the source and not grouped into layers. They are sorted from closest to the source leaf to furthest. In this order, the number of deposits is calculated on each target as a function of its distance from the source and its surface. In a second run, the same method is used to deposit dispersal units downward on phyto-elements in the vertical projection of the hemisphere.
Results. The source leaf is coloured in pink. A gradient of colour from green to red indicates the number of dispersal units deposited on each leaf after the spore dispersal event. Patterns of distribution of dispersal units are different depending on the dispersal type strategy. Rain produces ellipsoidal distributions around the leaf source (Fig. 13A, C) whereas wind allows spores to reach leaves in a conical shape (Fig. 13B, D) . Wind is more efficient in terms of number of intercepted dispersal units after one event. Similar effects of wind and rain are observed for the two different wheat architectures. Yet, fewer dispersal units are intercepted by the leaves when the canopy is higher and less dense (Fig. 13A , B and 13C, D).
Modularity of the framework: influence of architectural traits of canopies on dispersal by rain
The modularity of the framework was also tested in the following application. We simulate the distribution of the dispersal units on different leaves of the canopy when dispersal is caused by rain-splash, for 10 stem heights × 7 densities of canopies × 2 heights for the source leaf.
Materials and methods. Canopies of wheat are generated at the age of 15008d with ADEL wheat. We simulate a plot of 1 × 1 m. We simulate one dispersal event by rain-splash using the model in three dimensions as above. For the first set of simulations, the source of dispersal units is the lowest leaf of a stem in the centre of the canopy. For the second set, the source is positioned on a leaf at 2/3 of stem height. The simulations are run for seven densities staggered from 50 to 350 plants, × 10 stem heights staggered from 20 to 120 cm. In each simulation, we calculate: the total number of dispersal units deposited on leaves, the number of dispersal units deposited on flag leaves and the number of flag leaves touched by at least one dispersal unit.
Results. Comparing Fig. 14A and D shows that the total number of deposits depends strongly on the location of the source of dispersal units: the number of deposits is very low for a source located on the lowest leaf. This is due to the simulated trajectory of a splashed drop from the source, which goes up 20 cm before falling to the ground; a trajectory starting at 2/3 of stem height is therefore much longer and has a much higher probability of encountering leaves. These panels further illustrate that the effect of the two traits of architecture (LAI and height) interact with the source location. Increasing LAI increases the total number of deposits but this effect is much stronger for a higher source location (Fig. 14D) . Increasing stem height decreases the total number of deposits but only for a low source location (Fig. 14A) . Figure 14B and E show that the number of deposits on flag leaves depends on the distance between the source and the flag leaf. Dispersal from the lower leaf is possible only in dwarf wheat (Fig 14B) . In terms of the number of flag leaves reached by dispersal units (Fig 14C, F) , the overall pattern is very similar to that in terms of the number of deposits (Fig 14B, E) , but there is an important quantitative difference: the difference is smaller in terms of the number of leaves touched. This implies that a low source location produces not only fewer leaves touched by dispersal units but also fewer dispersal units per leaf, both of which can influence epidemics.
DISCUSSION
We have developed a modelling framework for the dynamics of foliar fungal pathosystems with explicit coupling of plant architecture, foliar fungal pathogens and microclimate. Components and interactions are based on biological knowledge of a wide range of foliar pathosystems (see 'The foliar fungal pathosystem'). The framework provides an implementation of these concepts in the field of structural-functional models. It should help to understand and quantify effects of plant architecture, on epidemics.
Interactions are addressed at narrow scales. The canopy is decomposed in scales ranging from the square centimetre of leaf tissue up to a plant population of a few square metres.
The cm 2 resolution enables us to account for local leaf physiology and foliar microclimate, required for modelling the infection cycle. The m 2 scale enables us to model short-and medium-range spore dispersal depending on canopy architecture. The concept of a phyto-element plays a central role in the breakdown of our system, as it defines the scale of interactions between pathogens and microclimate. Its choice has to be consistent with the precision of bio-physical models, and is very much linked to the scientific progress in this area. For light models, precision to the nearest centimetre is achievable (Chelle, 2005) , but it requires a valid 3-D structure. For wind and temperature models, the question remains open, although recent works are encouraging (Tuzet and Wilson, 2002; Saudreau et al., 2007) . Models of leaf wetness are currently less detailed, although they would be greatly beneficial to disease modelling at the leaf scale. Further developments of our framework should investigate the applicability of simulated epidemics to the size of phyto-elements.
The fungal population is decomposed into lesions and dispersal units. Our individual-based approach helps phytopathologists to integrate knowledge from a biological point of view because they relate more easily to observations of fungal behaviour. This could lead to improved modelling of the local response of dispersal units and lesions to their environment. Robert et al. (2008) acknowledged the difficulty of integrating fungal reactions to senescence in their epidemic model. In our framework, knowing the localization of the individual lesions on the leaf facilitates modelling the effect of senescence and competition between lesions.
The performance of our approach was tested in a benchmark (Fig. 15) . Our approach is suited for canopies of a few square metres. The simulation time of an epidemic takes from less than 1 min for one plant to more than 1 h for 20 plants. To simulate complex epidemics at a higher scale, multi-scale models such as that proposed by Mammeri et al. (2014) are needed. Plant -pathogen interactions are simulated down to the organ scale using an FSPM, like the one presented here, and the output is used to calibrate the parameters of a continuous model at the plot scale. We argue that our framework captures the key interactions for highlighting architectural traits that influence diseases. Furthermore, the resolution we use is appropriate to accommodate tactical operations: for example, models of pruning, shoot topping or phytosanitary treatments can be coupled. Strategic decisions such as choice of variety can also be tested with our approach.
The applicability of the framework was tested by applying it to two contrasted pathosystems: Mycosphaerella graminicola on wheat and Uncinula necator on grapevine, which differ in terms of spore dispersal, plant architecture and type of infection cycle. We implemented the two systems and simulated the two types of epidemics. This was made possible by the modular structure of the framework, coupling the models of (1) shortand medium-range spore dispersal; (2) the infection cycle; (3) plant architecture; and (4) physical models for the microclimate. The methodology we used enables managing different time scales between submodels. Submodels communicate through the MTG on which they read and write information at their own pace. This structure enables one to modify one or more submodel without changing the rest. Each submodel can be recycled for different pathosystems. We used different models of dispersal and of lesion development without altering the operation of the system. In a caricatured test of this particular feature, we simulated a powdery mildew epidemic on wheat.
Using our modelling framework should facilitate the development of models for new pathosystems by: (1) developing and assembling new modules in the framework (e.g. a new infection cycle module); or (2) making new combinations using modules currently available (e.g. different formalisms for wind-related spore dispersal). Programming skills are required for new developments and, depending on the complexity, the time required will vary from a few hours to several months.
The framework is suited for the integration of experimental results with simultaneous characterization of host, fungus and/ or microclimate. For instance, recent findings on septoria leaf blotch encourage us to update our parameterization of the response of lesions to temperature (Bernard et al., 2013) .
We hope that the integration of this framework and its free distribution in the collaborative platform OpenAlea will stimulate the emergence of a library of fungus models compatible with FSPM models available on the platform. The library already contains the models of dispersal units, lesions and dispersal strategies presented in this study. Algorithms can be picked up and extended for the construction of future models. As a result, disease modelling could benefit from an active and multidisciplinary scientific community.
Tools are also provided for the analysis of the pathosystem during simulations. The platform readily allows visualization of plants in three dimensions with its infected leaves coloured as a function of disease severity. Quantities of dispersal units can be followed at different locations of the canopy. Severity curves can also be drawn for each phyto-element, or aggregated at the leaf, plant or canopy level. Sensitivity and uncertainty analyses can be run on individual components of the system or on system subsets.
One line of future research concerns modelling of the interactions between the pathogen and the physiological status of leaves. This feature has been anticipated in our framework but the incorporation of leaf functioning in FSPM has just started (Bertheloot et al., 2011) and no FSPMs that describe physiological leaf status are currently available. A second line of future research concerns the effects of the disease on plant functioning. Fungal lesions reduce the photosynthetic activity of the leaves and induce perturbations in foliar tissues (Moriondo et al., 2005; Robert et al., 2006) . Third, in crops, fungal species can coexist in the same host and compete on the same leaves (Robert et al., 2004) . It should be possible to model such foliar fungal complexes in our framework due to its modular and object-orientated structure and the possibility of modelling different types of infection cycles and spore dispersal. Finally, it would be valuable to extend the framework by including other types of plant -fungus interfaces such as stems, flowers and fruits that are represented in FSPMs. The definition of a phyto-element would have to be extended. This would also 
